Abstract-The goal of this study was to examine the ability of high-frame-rate, high-resolution imaging to monitor tissue necrosis and gas-body activities formed during high-intensity focused ultrasound (HIFU) application. Ex vivo porcine cardiac tissue specimens (n = 24) were treated with HIFU exposure (4.33 MHz, 77 to 130 Hz pulse repetition frequency (PRF), 25 to 50% duty cycle, 0.2 to 1 s, 2600 W/cm 2 ). RF data from Bmode ultrasound imaging were obtained before, during, and after HIFU exposure at a frame rate ranging from 77 to 130 Hz using an ultrasound imaging system with a center frequency of 55 MHz. The time history of changes in the integrated backscatter (IBS), calibrated spectral parameters, and echo-decorrelation parameters of the RF data were assessed for lesion identification by comparison against gross sections. Temporal maximum IBS with +12 dB threshold achieved the best identification with a receiver-operating characteristic (ROC) curve area of 0.96. Frame-to-frame echo decorrelation identified and tracked transient gas-body activities. Macroscopic (millimetersized) cavities formed when the estimated initial expansion rate of gas bodies (rate of expansion in lateral-to-beam direction) crossed 0.8 mm/s. Together, these assessments provide a method for monitoring spatiotemporal evolution of lesion and gas-body activity and for predicting macroscopic cavity formation.
I. Introduction H igh-intensity focused ultrasound (HIFU) technology holds potential for ablation therapy because of its ability to noninvasively generate necrosis in targeted tissue volumes with minimal effects on surrounding and intervening tissue [1]- [3] . The formation and extent of HIFU-induced tissue necrosis, or thermal lesion, is determined by the spatiotemporal distribution of temperatureincrease induced by HIFU exposure [4] , [5] . Imaging methods are needed for real-time monitoring of tissue changes to guide and control the ablation process during HIFU application. Magnetic resonance imaging (MrI) has been valuable in guiding and monitoring HIFU ablations [6] [7] [8] in real time with spatial and temporal control on temperature rise in the tissue induced by HIFU. although MrI and X-ray computed tomography (cT) [9] provide effective image guidance during ablation, monitoring with diagnostic ultrasound imaging has many advantages, including relatively lower cost, higher portability, and high spatiotemporal resolution. although a variety of methods have been proposed to improve ultrasound imaging of HIFU ablation and lesion formation, ultrasound imaging has not yet been established as a robust and consistent technique.
A. Ultrasound Imaging for Lesion Detection in HIFU Ablation
although ultrasound imaging can achieve imaging at frame rates sufficient for real-time monitoring (20 to 30 Hz) , it has proven difficult to detect HIFU-generated lesions using conventional grayscale B-mode imaging in the absence of gaseous bodies [10] , [11] . Even when gas bodies, which are easily observable as hyperechoic regions in the B-mode image, are present, they do not necessarily represent the true extent of HIFU lesion. In addition to gas-body formation (see section I-B), HIFU can induce heating which may result in protein denaturation, coagulation, and other changes that may induce changes in the acoustical properties of the tissue. a variety of ultrasound imaging techniques beyond conventional grayscale B-mode imaging has been developed to detect these changes.
For example, ultrasound tracking of echo shifts [12] [13] [14] and changes in ultrasound backscatter [15] , [16] have been used to monitor temperature changes during HIFU ablation. Ultrasound elastography has been used to evaluate tissue necrosis [17] [18] [19] [20] [21] because thermal lesions exhibit increased stiffness, but lesion characterization via elastographic imaging is subject to degradation in the presence of gas bodies [22] .
HIFU ablation can also induce changes in attenuation [23] [24] [25] and ultrasound backscatter [24] [25] [26] that can be used to detect lesion formation. changes in integrated backscatter to monitor HIFU lesion formation have been studied in ex vivo bovine liver at an imaging frequency of 7.5 MHz [24] , [25] . Tadpole-shaped lesions showed an increase in differential attenuation of up to 3.5 dB/MHz/ cm and increase in accumulated differential integrated backscatter (IBs) of up to 25 to 30 dB, although more Manuscript received January 15, 2012; accepted May 18, 2012 . This research was supported by funding from the national Institutes of Health (grant r01 EB008999) and the University of Michigan.
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precise definition of the lesion was obtained with the differential IBs image. a subsequent study with cavitation detection showed that the differential attenuation and IBs were coincident with increased broadband noise and subharmonic generation, with the largest changes coming from cavitation activity [25] . Hyperechoic regions formed in ultrasound B-mode images during HIFU exposure have been correlated with cavitation and were used to quantify the formation and growth of lesions in vivo in pig tissues [27] [28] [29] . spectral parameters of the backscattered rF ultrasound data, which are related to tissue properties such as effective acoustic scatterer size and concentration [30] , have also been shown to change as a result of HIFU exposure. lesions induced by HIFU in ex vivo chicken breast and rabbit liver showed increased midband fit of 6 to 8 dB compared with surrounding nonablated tissue [30] , [31] . These increases are likely to result from the increased backscatter from gas bodies induced by HIFU exposure in the focal region and changes in effective scatterer size as a result of coagulative necrosis. spectral parameters have also been computed to characterize lesions induced by rF ablation in ex vivo bovine liver [32] .
recently, echo decorrelation has been proposed as a means to identify lesion formation in rF ablation, with the potential benefits of reduced sensitivity to acoustic shadowing and tissue motion as compared with other methods [33] . Mapping and characterization of rF-ablated lesions in ex vivo liver tissue with temporal maximum decorrelation showed good performance when compared with temporal maximum IBs using backscattered rF data from B-mode ultrasound imaging [33] , [34] .
B. Formation of Gas Bodies During HIFU Ablation
gas bodies often form during HIFU ablation because of cavitation, tissue degassing, and/or boiling [35] . These gas bodies strongly scatter ultrasound and distort the HIFU beam, resulting in inefficient ablation of distal tissue segments [36] and altered lesion location, shape, and size from the original treatment plan [37] , [38] . The presence of gas bodies can also generate enhanced heating beyond thermoviscous absorption of HIFU energy [39] . In some cases, because of the combined effect of high acoustic pressure and rapid heating, macroscopic cavities may be generated in tissue during ablation. The stochastic nature of these events causes variation in treatment outcomes that are not well controlled. Thus, it is important to detect these events and develop strategies to prevent them.
To detect the gas bodies generated during HIFU application, passive cavitation detection strategies have been proposed in which the broadband acoustic emissions generated by gas bodies are detected by a broadband receiver listening passively [11] , [27] , [40] , [41] . active cavitation detection strategies that employ an acoustic pulse-echo method for monitoring transient activities of gas bodies have also been used [11] , [42] [43] [44] . spatial cavitation mapping of both inertial and stable cavitation throughout the focal region has been achieved by localization and tracking of the evolution of multiple bubble clouds [45] [46] [47] . These studies provide methods for detecting gas bodies and spatially resolving inertial and stable cavitation but lack techniques to detect macroscopic cavity formation caused by the gas bodies. during the HIFU ablation, detection of the time point at which the gas bodies create a macroscopic cavity in the tissue will provide additional information to help control the ablation process, either to inhibit or enhance the cavity formation depending on the application. For example, it is desirable to avoid cavity formation in ablation of atrial fibrillation to maintain the structure and mass continuity of the heart tissue.
C. High-Frame-Rate and High-Frequency Ultrasound Imaging
aside from the aforementioned difficulties in achieving effective ultrasound imaging of HIFU ablation, the frequency of conventional diagnostic ultrasound employed (<12 MHz) also limits imaging resolution. Imaging at higher frequencies provides higher spatial resolution as well as wider bandwidth which can be beneficial for improving image contrast and spectral analysis. although having shorter penetration depth, high-frequency ultrasound imaging can be particularly useful for catheter-based ablation, such as applications in interventional cardiology. For example, a microlinear catheter using a 24-element, 14-MHz phased array with integrated rF ablation probe has been reported for forward-looking imaging [48] . realtime M-mode monitoring of lesion formation at a 20 Hz line rate by combining a high-frequency (25 to 33 MHz) ultrasound transducer with an rF ablation electrode has also been developed as a proof-of-concept catheter system [49] . M2d-mode (high-frame-rate 2-d rF acquisition mode, with 10 a-lines per frame) imaging at 500 Hz frame rate imaging [12] has been reported for real-time temperature monitoring in HIFU ablation, but these studies were performed at frequencies of less than 10 MHz. our group has demonstrated the feasibility of M-mode and B-mode imaging at a center frequency of 55 MHz in a preliminary study [50] . The 1-d spatiotemporal changes during HIFU application on ex vivo porcine cardiac tissue were monitored to identify the lesion width and transient gas bodies using M-mode ultrasound imaging [51] at 1 kHz pulse repetition frequency (PrF), but the study in [51] lacked 2-d spatial monitoring of changes in the tissue because of ablation.
D. Current Study
In this study, we focus on developing methods which take advantage of high-frequency, high-frame-rate B-mode ultrasound imaging for monitoring formation of lesion and gas bodies during HIFU ablation for potential cardiac ablation applications. Ex vivo cardiac tissue specimens were used in the experiments. B-mode rF data were acquired and analyzed using grayscale, integrated backscatter, cali-brated spectral parameters, and echo de-correlation to obtain time-evolving HIFU-monitoring parameters. By comparing against gross images, the best methods for lesion identification are assessed via receiver-operating characteristic (roc) curves [52] (see section II-d-1 for details). For gas-body identification, a frame-to-frame echo decorrelation method [33] is proposed to evaluate the dynamic local motion and the expansion rate of the gas bodies and to predict the formation of cavities during ablation.
II. Materials and Methods

A. Experimental Setup, HIFU Exposures, and Transducer Calibration
The experimental setup consisted of a custom-configured HIFU system and a high-frequency ultrasound imaging system (Vevo 770, Visualsonics Inc., Toronto, canada). In a tank filled with degassed, deionized water, the HIFU transducer and a Vevo imaging probe (rMV 708, nominal 55 MHz center frequency, 20 to 75 MHz 6-dB bandwidth, 4.5 mm focal distance, 1.5 mm 6-dB depth of focus) were perpendicularly and confocally aligned with the common focus placed within ex vivo porcine cardiac tissue specimens obtained from an abattoir (Fig. 1) . all experiments were performed with specimens that were used within 96 h of harvesting, with the tissue stored in physiological saline solution in a covered container at 4°c before experiments. The tissue specimens were brought to room temperature before the experiment. The HIFU system consisted of a signal generator (33220a, agilent Technologies Inc., santa clara, ca), power amplifier (75a250, amplifier research, souderton, Pa), and a custom-made spherical-cap HIFU transducer (4.33 MHz center frequency, 40 mm diameter, 42 mm focal distance). It was used to generate pulsed exposures at 2600 W/cm 2 focal intensity and various PrFs (77, 103, and 130 Hz), duty cycles (25% or 50%) and exposure times (0.2, 0.6, and 1 s). These HIFU exposure conditions were chosen so that variations in lesion size (1.5 to 3.5 mm in length) and macroscopic cavity size (0 to 2.5 mm in length) were obtained.
The HIFU transducer was calibrated using the following procedure. First, an ultrasound power meter (UPMdT-10, ohmic Instruments, Easton, Md) was used to measure the total power output of the transducer at various drive voltages. second, the focal beam pressure profile was measured by scanning a needle hydrophone (0.635-mm-diameter active element, nP10-1, dapco ndT, ridgefield, cT) through the acoustic field. The transducer has a 6-dB axial focal depth of 3.8 mm and a 6-dB radial width of 1.2 mm at the focal plane. The spatial peak intensity was then calculated by correlating the integration of the beam profile with the total power. all acoustic intensities are quoted as free-field, spatial-peak temporal-average values, and the estimated error is ±20% (95% confidence interval). This overall uncertainty includes Type a uncertainties from the variation in measurements of the radiation force balance and beam width as well as Type B uncertainties from the calibration accuracy of the radiation force balance, resolution of the radiation force balance, finite-amplitude effects, accuracy of positioning system, and resolution of the hydrophone [53] .
B. Imaging and Data Acquisition
To achieve a high frame rate of imaging, short-time B-mode (sTBM) imaging (B-mode imaging with a reduced window size of dimensions 0.8 × 11 mm) was employed. The sTBM imaging was synchronized with the HIFU pulses to image during the off-duration of the HIFU pulses to avoid interference; thus the frame rate of sTBM imaging was the PrF of the pulsed HIFU exposure. Backscattered rF data of sTBM imaging were acquired before, during, and after HIFU application via the rF output port of the Vevo system and a digitizing oscilloscope (54830B, agilent Technologies Inc., with 8-bit dynamic range, 250 Msample/s). after the experiment, the tissue was cut through the center of the lesion and photographs of the lesion cross-section were taken.
C. Data Analysis
The following parameters were computed from the acquired rF data:
1) Grayscale (GS):
The a-line signal along longitudinal direction z at lateral position y and at time t acquired in sTBM data was Hilbert transformed to obtain the complex analytic signal p(y, z, t). [The conventional B-scan image is generally the logarithmic amplitude envelope of this signal, log 10 |p(y, z, t)|.] The grayscale parameter (in decibels) of a spatially smoothed frame at time t is calculated as GS ( , , ) log ( ( , , ) ), y z t p y z t = 〈 〉 10 10 (1) Fig. 1 . Experimental setup of image-guided high-intensity focused ultrasound system (not to scale).
where the spatial smoothing with window w(y, z) was defined by
.
an isotropic gaussian window w y z e y z ( , )
was used as the smoothing window represented in (2) with the length scale γ as 14 µm.
2) Integrated Backscatter (IBS):
The auto-correlation function of a frame at time t is defined as
The position-dependent change in echo energy by integrated backscatter relative to the initial state, measured in decibels, is defined as [33] IBS( , , ) log ( , , ) ( , , ) ,
where R 0 (y, z, 0) is the temporal average of autocorrelation of the frames before HIFU ablation treatment. In this study, 0.02 s of data were collected in sTBM format before HIFU treatment.
3) Frame-to-Frame Decorrelation: a spatiotemporal correlation function between two successive frames with a time delay τ is defined as [33] R y z t py z t p y z t ( , , , ) ( , , ) ( , , ) .
The normalized frame-to-frame decorrelation parameter similar to the variance of the spectrum in flow turbulence described by Kasai et al. [54] is then defined as
where R t 0 ( ) is the spatial mean of R 0 (y, z, t) for the frame obtained at time t.
4) Initial Frame Decorrelation:
The initial frame decorrelation is defined as the decorrelation between any frame at time t and a frame at t = 0 (initial frame): 
5) Spectral Parameters:
The power spectrum of the sTBM data was calculated for the signals of each rF a-scan within the roI by taking the fast Fourier transform (FFT) of the data gated by a series of sliding Hamming windows of 0.2 µs, each offset by 0.1 µs. To remove artifacts associated with the composite transfer function of the ultrasound system, the calibrated power spectrum was obtained by dividing the tissue power spectrum by the calibration spectrum. The calibration spectrum was obtained from the reflection of the imaging pulse from the interface of deionized water and phenylated silicone oil (710, dow corning, Midland, MI). This approach [55] was used because the low reflectivity of the liquid-liquid interface prevented signal saturation by the Vevo system. The resulting signal was corrected for the deviation of water-oil interface from an ideal specular reflector for the attenuation of the pulse caused by the water between the scanhead and interface (particularly above 30 MHz) using material parameters from the literature [56] , [57] .
The calibrated power spectra were characterized by linear regression to find the spectral parameters, i.e., the midband-fit M(y, z, t), which is the value of the linear function evaluated at the midpoint of the −15-dB bandwidth, the slope m(y, z, t), and the intercept I(y, z, t). The spectral regression parameters are related to scatterer properties [30] , [58] . In these studies, spectral slope was shown to depend upon the scatterer size, whereas mid-band fit depended on size, concentration, and relative acoustic impedances of the scattering elements. Intercept is not independent of slope and mid-band fit (all three are linearly related), but is still useful because it is insensitive to intervening acoustic attenuation. The relative change in the spectral parameters were computed to minimize the effects of variability in the initial state of the specimens, e.g., for midband fit, ΔM(y, z, t) = M(y, z, t) − M 0 (y, z), where M 0 (y, z) is the temporal average value of the spectral parameter in the frames before application of HIFU.
D. Pixel Marking and Parametric Images 1) Lesion Mask and Lesion Identification:
To construct roc curves between the post-HIFU frame of sTBM data and the gross image, we identified a binary mask for the lesion in the gross image at the sTBM window location. as shown by the general block diagram for the procedure [ Fig. 2(a) ], the area of necrosis was first indicated manually by the outer edge of the lesion [e.g., cyan contour in Fig. 2(B) ; all references to color in the text refer to the online version] on the gross image of the tissue specimen. Then, to represent the sTBM window location on the gross image, the post-HIFU B-mode image that was registered with the sTBM window location [white dashed lines in Fig. 2(c) ] was overlaid on top of the gross image to register common structural features such as lesion, cavity (if existing), and boundaries of the tissue. after registering the sTBM window in the gross image [ Fig. 2(d) ], the lesion area was used to create a binary mask [ Fig. 2(E) ] to represent the necrosed area (i.e., 1 is necrosed tissue and 0 is non-necrosed tissue).
The proposed parameters defined in (1)- (8), along with spectral parameters, are evaluated on each frame of sTBM data. For any given parameter X(y, z, t) defined in (1)- (8), the temporal maximum of the parameter was also computed according to
This functional form captures the overall time history of the parameter in an effort to account for the irreversible nature of the HIFU ablation process. By thresholding X max (y, z, t 0 ) on the last frame of sTBM data, when the entire lesion has formed, a binary mask was generated (where 1 is above the threshold and 0 is below the threshold) and compared with the mask from the gross lesion on a pixel-by-pixel basis. For a given threshold, each pixel was classified as true positive, false positive, false negative, and true negative, where the gross lesion was taken as the true state. By varying the threshold, we constructed the roc curve, or true positive fraction (fraction of lesioned pixels correctly classified as lesion) versus false positive fraction (fraction of non-lesioned pixels incorrectly classified as lesion), and the accuracy curve, or ratio of the sum of true positive and true negative pixels over all image pixels. For a parameter that acts as an ideal classifier, the area under the roc curve would be one. For a totally random classifier, the roc would lie along the diagonal and have an area of 0.5. To determine the best threshold for lesion identification, training data sets (n = 16) were selected randomly and sampled uniformly from a pool of data sets (n = 24) undergoing HIFU treatment at the various ultrasound conditions mentioned in section II-a. The pixel-by-pixel classification was applied on training and test data sets (remaining data sets, n = 8), and overall roc and accuracy curves were generated. This procedure was repeated over 100 trials to ensure that all data were considered during training, and the resulting roc and accuracy curves were averaged over all trials. We chose the optimal threshold to be the parameter threshold value at maximum accuracy.
2) Identification of Gas Bodies:
The frame-to-frame echo decorrelation parameter σ FF can be used to capture rapid changes in successive frames, and hence this parameter is proposed to identify any newly-formed or actively moving gas bodies, including any active process involving the expansion of the tissue. Because no gas bodies are likely to exist within the tissue before the initiation of HIFU treatment, any parameter used for classification of gas-body activity should, at minimum, not identify gas bodies during the pre-HIFU period. For any given parametric image σ FF, j (y, z, t) of the jth specimen, the threshold σ FF,j 0 for gas-body identification was chosen to be minimum value of σ FF such that σ FF, j (y, z, t) < σ FF,j 0 for all y and z at all t < t on , where t on is the time of HIFU initiation. note that the threshold σ FF,j 0 of the jth specimen is independent of the others. after gas bodies were identified, the amount of the displacement of their topmost pixel from the focal spot was tracked in each frame to evaluate the rate at which the cavity is expanding, defined as dynamic expansion rate (Er) of the cavity. a movingaverage filter of duration 0.08 s was applied to the displacement of gas bodies to remove artifacts resulting from tissue movements that may have occurred during HIFU. after classifying each lesion as cavity-forming or non-cavity-forming based on the existence of macroscopic cavities in gross lesions, the expansion rate for each specimen was computed and then a threshold to segregate the two types of lesion was determined.
3) Composite Image:
To display all features of the ablation process in any given frame, a composite red-greenblue (rgB) image was constructed depicting lesion as red, gas-body activity at times when the expansion rate is below the cavity-forming threshold as green, and gasbody activity at times when the expansion rate is above the cavity-forming threshold as blue, with the intensity of each pixel determined by the grayscale gs(y, z, t) value of the rF data. In this way, the entire evolution of the ablation process can be graphically displayed.
III. results
We first present an example of high-frequency, rapid B-mode imaging on a cardiac ex vivo sample in section III-a to show the spatiotemporal changes observed during HIFU ablation. We obtained and analyzed a total of 24 data sets, and all of them were included in the results presented. However, to illustrate typical characteristics of HIFU ablation phenomena, we chose one data set and used it as an example to show the process of lesion identification by various proposed parameters and selection of the best parameter for lesion identification, as presented in section III-B. a proposed method of frame-to-frame decorrelation for identification and tracking of gas bodies and estimation of their expansion rate to aid the cavity formation prediction during the ablation are presented in section III-c. Finally, the demonstration of lesion identification process, detection and tracking of gas bodies on three HIFU ablation examples of ex vivo cardiac specimens, are presented in image and video formats in section III-d. 
A. High-Frequency Rapid B-Mode Imaging During HIFU Ablation
as an example, Fig. 3 illustrates the complex dynamic changes in tissue during HIFU ablation (4.33 MHz center frequency, 2600 W/cm 2 , 77 Hz PrF, 50% duty cycle, and 1 s exposure time) involving tissue necrosis and formation of gas bodies. With the HIFU beam incident from the left side of the image, the B-mode image after HIFU [ Fig. 3(B) ] clearly shows the lesion compared with the image before HIFU [ Fig. 3(a) ], with a central hypoechoic region and a surrounding hyperechoic ring. These features match well with the gross image of the lesion with corresponding cavity in the center of the lesion with the hypoechoic region [ Fig. 3(c) ]. The dashed vertical lines [ Figs. 3(a) and 3(B) ] indicate the lateral boundaries of the short time, B-mode (sTBM) window. although the spatiotemporal evolution of the lesion can be more readily appreciated in the video playback of the sTBM frames (frame rate 77 Hz), the horizontally stacked images are included in Fig. 3(d) for convenient representation. selected frames from Fig. 3(d) are enlarged to better show the dynamics of HIFU lesion and gas body evolution in detail in Figs. 3(F 1 )-3(F 11 ). after the HIFU (2600 W/ cm 2 , PrF = 77 Hz) was turned on at t = 0.02 s, a bright hyperechoic region appeared near the HIFU focus after a time delay, at t = 0.16 s, most likely representing gasbody activity generated by either acoustic cavitation and/ or thermally induced water vaporization [11] . The initiation of gas-body activity is clearly shown starting from the left side in Fig. 3(F 2 ) (closer to the HIFU transducer) and then growing in subsequent frames [Figs. 3(F 3 ) and 3(F 4 )] before filling the entire width of the window by Fig. 3(F 6 ).
The hyperechoic region appears to expand laterally with respect to the HIFU beam axis [ Fig. 3(F 7 ) ]. This lateral expansion of the hyperechoic region could be a result of the combined effects of apparent echo strain resulting from variation in speed of sound at elevated temperatures and thermal expansion of the gas/cavity in tissue, with dominant contribution from the former apparent echo strain. after the HIFU was turned off, the bright regions moved downward (away from the imaging transducer), indicating contraction, recovery, and perhaps dissipation of the gas bodies 
B. Lesion Identification
The sTBM window was isolated from the gross image [ Fig. 3(E) ], and used to determine a mask representing the necrosed area. The various parameters described in section II-c and their temporal extrema were computed for each frame in the B-mode image series. By applying a threshold to the final frame, accuracy of the parameter for lesion identification at that threshold was determined. By applying this procedure to all of the data sets (n = 24), an overall roc curve was generated for each parameter (Fig. 4) .
The roc area under the curve (aUc), maximum accuracy, optimal threshold at maximum accuracy, sensitivity, and specificity from pixel-by-pixel classification for each parameter are shown in Table I . IBs max and ΔM max have the highest areas under the roc curve (roc aUc ~0.96). We chose to compute IBs max for subsequent analysis because it had the highest aUc. In contrast, grayscale thresholding performs significantly worse for lesion detection (roc aUc = 0.66). The standard deviation shown for aUc was calculated using all 24 data sets.
The training data sets (n = 16) attain maximum accuracy in detecting the lesion at an IBs max of +12 dB. The threshold for detecting the lesion is evaluated on the remaining test data set group (n = 8), and the predictive measures such as accuracy, sensitivity, and specificity obtained are presented in Table II along with the results for training and entire data set groups. The small difference in predictive measures between training and test data sets indicates that the performance of IBs max was not strongly affected by the choice of training data sets. Thus, for all ablation types with ultrasound conditions specified in section II-a, an accuracy of 93.5% is achieved using IBs max in matching the lesion area with the gross tissue specimen.
C. Identification and Tracking of Gas Bodies
The mean and standard deviation of the frame-toframe echo decorrelation thresholds for gas-body formation based on pre-HIFU frames were obtained as σ FF 0 = 2.5 ± 0.6. once identified, the movement of the gas bodies can then be tracked in the sTBM images. as an example, Figs. 5(a) and 5(c) (the same case as in Fig. 2) show a series of stacked sTBM frames with gas-body activity marked in green, as identified by frame-to-frame echo decorrelation method. The topmost pixel in each frame that is identified as gas-body activity (if there exists one) is represented by a red dot to track its location in time. cases in which pronounced movement/expansion of the tracked gas bodies occurred [ Fig. 5(a) ] were well correlated with the existence of macroscopic cavity formation during HIFU as shown in gross image [ Fig. 5(B) ], in contrast with minimal movement of gas bodies for cases in which no observable macroscopic cavity was generated Fig. 5(F) ], computed by taking the numerical derivative of the moving average curves in Fig. 5(E) , also show much higher values for the case in Fig. 5(a) . The expansion of the cavity is rapid until 0.6 s [ Fig. 5(F) ], and most of the expansion occurs by 0.8 s, reaching a near maximum expansion for the HIFU exposure condition. correspondingly, the Er of the gas bodies in Fig. 5 (E) rises, attaining a maximum around 0.35 s, whereas the Er is near zero for the case without cavity found in the gross image of tissue [ Fig. 5(c) ]. These observations suggest that a high value of initial Er of gasbody activity may be a precursor of macroscopic cavity formation.
To test this observation, the Er was calculated on all 24 data sets, 5 of which had a lesion but no cavity in the gross images. Fig. 6 shows that the non-cavity data sets have a significantly lower Er (0.51 ± 0.21 mm/s, n = 5) compared with the cavity data sets (1.37 ± 0.39 mm/s, n = 19) based on a t-test (p < 10 −4 ). as a result, the threshold of 0.8 mm/s was chosen to classify those gas bodies associated with cavity formation based on the maximum Er value among the non-cavity data sets.
D. Parametric Imaging for Lesion and Gas Body Marking During HIFU Ablation
Using the criteria for identification of lesion and gas bodies developed in sections III-B and III-c, parametrically-labeled images were generated retrospectively to demonstrate the feasibility of tracking lesion and gas-body formation during HIFU exposure. The results were examined for different HIFU exposure conditions ablation cases where different gas-body dynamics might be expected.
as an example, Fig. 7 shows selected grayscale image frames with markings for the lesion, gas-body activity, and cavity-formation superimposed for the data of .) consecutive frames are separated by yellow dashed vertical lines and others by yellow continuous lines. Fig. 7(a 1 ) shows the last frame before HIFU application, with the early evolution of the lesion (red) after the initiation of gas-body activity shown in Figs. 7(a 2 )-7(a 5 ). The Er of the gas bodies is below the threshold until Fig. 7(a 5 ), and these gas bodies are represented in green. at 0.299 s [ Fig. 7(a 6 )] , the Er crosses the threshold, indicating the capability of the gas bodies to create a cavity, and reaches a maximum Er of 1.36 mm/s at 0.377 s [ Fig. 7(a 9 ) ]. The gas bodies in Figs. 7(a 6 )-7(a 17 ) are then color coded in blue. The gas body expands, and the lesion grows until Fig. 7(a 13 ) when the HIFU is turned off. Figs. 7(a 14 )-7(a 16 ) show a downward movement, representing shrinking and dissipation of the gas-body activity. The lesion-marking algorithm covers most of the area of lesion contour (cyan curve) determined from the gross lesion, although lesion extent is over-estimated in the region below the lesion. This overestimation is likely caused by reverberation artifacts of the backscattered ultrasound from the HIFU-induced gas body, as seen in Figs. 7(a 10 )-7(a 12 ). Fig. 8 shows an example of a case with HIFU ablation at higher PrF than in that for the case in Fig. 7 (130 versus 77 Hz) with all other conditions equal. a cavity apparent in the B-mode image after HIFU treatment [ Fig. 8(a) ] is confirmed in the gross image [ Fig. 8(B) ]. The extent of lesion area (red) predicted from sTBM data using IBs max with +12 dB threshold is overlaid on sTBM window of the post-HIFU B-mode image [ Fig. 8(c) ]. as shown in Fig. 8(d) , selected frames from the time evolution of the ablation, higher PrF abla- Fig. 5. (a) stacked short-time B-mode (sTBM) grayscale frames with marked regions of gas-body activity (green pixels) of data set with macroscopic cavity (data in Fig. 3) . The topmost green pixel in each frame is marked by a red dot. Vertical dash-dotted lines indicate the times when the high-intensity focused ultrasound (HIFU) was turned on and off. (B) gross image of data set in (a) with lesion contour (cyan) and location of sTBM window lines (vertical white dashed lines) (c) sTBM grayscale frames with marked regions of gas-body activity of data set without macroscopic cavity (d) its gross image. (E) Position of uppermost gasbody activity in the cavity data set (a), non-cavity data set (c), and their corresponding moving average (dashed lines) based on an averaging window of 0.08 s. (F) Expansion rate of gas-body activity from numerical derivatives of curves in (a). Fig. 8(d 8 )] , and then dissipation of gas bodies occurred after the HIFU was turned off. When the cases with 77 and 130 Hz PrF are compared (2600 W/cm 2 , 50% duty cycle), the durations for crossing the Er threshold after HIFU was turned on were 0.324 ± 0.090 s (n = 8) and 0.405 ± 0.054 s (n = 4), respectively, although the difference was not quite statistically significant (t-test with unequal variances, p = 0.077). The increased delay illustrated in Fig. 8 as compared with Fig. 7 suggests that higher PrF may result in slower expansion. This slower growth of gas bodies could be the reason for smaller cavity size (cavity area = 0.089 ± 0.069 mm 2 , n = 4 for 130 Hz versus 0.187 ± 0.064 mm 2 , n = 4 for 77 Hz with other conditions, 2600 W/cm 2 , 50% duty cycle and 1 s exposure time, being the same) at the end of the ablation as seen in the gross image [ Fig. 8(B) ]. Fig. 9 shows an example of a data set with lower exposure duration than in Fig.  7 (0.2 s versus 1.0 s) with all other conditions equal. [see the second supplementary video ( ) for the corresponding video.] The B-mode image shown in Fig. 9(a) does not show any hypoechoic regions without the presence of a macroscopic cavity in the lesion [ Fig. 9(B) ]. The predicted lesion area (red) from sTBM data are overlaid on sTBM region of post HIFU B-mode image [ Fig. 9(c) ]. Fig. 9(d) shows a composite image that presents the evolution of the ablation process with time. although sudden occurrence of gas bodies [ Fig. 9(d 3 ) ] and their initial activity [Figs. 9(d 3 )-9(d 5 )] were observed, the short HIFU exposure duration limited the chance for the expansion/movement of these gas bodies and formation of a tissue cavity.
1) Effect of PRF:
2) Effect of Exposure Duration:
[The HIFU was turned off at Fig. 9(d 6 ) .] Because the Er of the gas bodies did not cross the threshold, they remain colored in green. In the data sets with lower HIFU exposure times (with all other conditions equal: 2600 W/cm 2 , 77 Hz PrF, 50% duty cycle), the cavity was either absent (0.2 s exposure, n = 5) or small (cavity area = 0.066 ± 0.039 mm 2 for 0.6 s exposure, n = 6) compared with Fig.  7 (cavity area = 0.187 ± 0.064 mm 2 for 1 s exposure, n = 4). The non-cavity data sets (all of which were 0.2 s exposure cases and without cavity in the gross images) in Fig.  6 were used to determine the Er threshold in the model so that no cavity is predicted in those data sets. For the data sets with 0.6 s and 1 s exposure, the maximum Ers (1.4 ± 0.2 mm/s versus 1.5 ± 0.3 mm/s) and their time of occurrence (0.44 ± 0.04 s versus 0.42 ± 0.04 s) were nearly the same. However, the total expansion was higher in the cases with longer exposure, resulting in a larger cavity size.
IV. discussion
A. Lesion Identification
Integrated backscatter, spectral parameters, and echo decorrelation have been explored in estimating the formation of lesion areas in previous work and a comparison on each parameter was made with the results observed in current paper in the following paragraphs.
The changes in integrated backscatter (IBs max ) have been used previously to monitor HIFU lesion formation with B-mode rF data acquisition in ex vivo bovine liver [24] , [25] , although at lower imaging frequency of 7.5 MHz when compared with 55 MHz imaging frequency used in the current study. The authors observed sudden increases in the apparent width of the lesion midway through the exposure period, similar to the results observed at the longer exposure times in the current study (e.g., Fig. 7) . a subsequent study with cavitation detection showed that the largest changes in IBs were associated with the cavita- Fig. 7 . Example of lesion with gas-body activity and cavity formation (2600 W/cm 2 , 77 Hz PrF, 50% duty cycle, and 1 s exposure time). The time evolution of ablation process is shown at selected times. The green frame labels indicate the frames during high-intensity focused ultrasound (HIFU) exposure. The area of tissue necrosis evaluated using the optimal IBs max threshold of 12 dB is represented in red, gas bodies expanding at less than the expansion rate threshold (<0.8 mm/s) in green, and gas bodies that crossed the expansion rate threshold in blue (≥0.8 mm/s). The lesion contour in each frame is shown in cyan. tion activity [25] . In the current study, we also observed an abrupt increase in IBs when gas bodies were identified by the echo decorrelation method. We showed that the temporal maximum IBs performed better than the IBs alone in identifying the extent of the lesion as compared with the final state. However, the current method does appear to be affected by reverberation artifacts when extensive gas body formation occurs (Figs. 7 and 8) .
For the spectral parameters, the ΔM and ΔI increases observed in lesions induced by HIFU in the current study are consistent with other studies [30] , [31] , where an increase in midband fit of 6 to 8 dB in lesion over surrounding non-ablated tissue was observed in ex vivo chicken breast and rabbit liver. The slope parameter Δm in the current study yielded inconsistent results from case to case and was not useful for lesion identification (see Table I ). spectral parameters have also been computed to characterize lesions induced by rF ablation in ex vivo bovine liver [32] . The roc aUc for intercept and midband fit were reported to be 0.71 and 0.69, respectively, which are comparable to values found in the current work (ΔI: 0.74 ± 0.13, ΔM: 0.75 ± 0.14), but worse than values for the corresponding temporal extrema (ΔI max : 0.91 ± 0.06, ΔM max : 0.95 ± 0.04) in Table I . The improved roc performance of ΔM max and ΔI max suggest that the usage of ablation time history via the temporal maximum method can increase the performance of these parameters for lesion identification.
In the current study, IBs max showed slightly better performance in lesion identification (roc aUc 0.96 ± 0.02) as compared with σ FF,max (roc aUc 0.93 ± 0.05), although the performance of σ FF,max was comparable to the previous study [33] , [34] . The difference in the performance of IBs max in the current study compared with [33] could be due to higher bandwidth, the increased backscatter caused by HIFU-induced gas body formation, and higher imaging rate (77 to 130 Hz versus 50 Hz), which might allow IBs max to capture faster activities and events.
The temporal extrema of the parameters uses the time history of ablation via (9) and a comparison between the performance of the parameters with and without temporal extrema shown in Table I shows the value added by using the time history of ablation in the lesion detection process. For all of the parameters, nearly a 20% increase in both roc aUc and accuracy were observed when the time history of ablation was used.
To check the importance of high imaging frame rate on the performance of IBs max in identifying the lesion, the frame rate of each data set was manually downsampled to half of the original frame rate. Upon generating the IBs max roc curves of these downsampled frame rate data sets, decreases in the roc aUc of 20%, accuracy of 2%, and sensitivity of 20% was observed. The drop is more prominent in the case in which frame rate was reduced from 130 to 65 Hz than in the case of 77 to 39 Hz, indicating that higher frame rate indeed improves the lesion identification by capturing faster events.
B. Gas Body Identification
Because of the gas-body formation significantly enhances echogenicity in the lesion region and σ FF,max performed well in the identification of lesion extent, we proposed the use of frame-to-frame echo decorrelation σ FF as a means to identify newly formed and expanding gas-body activity. (The method will not capture pre-existing static gas bodies.) Based on the identified gas bodies, expansion rate information of the gaseous region was used to predict the occurrence of the macroscopic cavity.
The effects of various HIFU exposure parameters on the expansion rate of gaseous regions and the time to reach the threshold for macroscopic cavity formation were examined in this study. as described in section III-d, at higher PrF (130 versus 77 Hz) with other conditions equal, slower growth rate and smaller cavity size were observed. This is likely because of the shorter duration of each pulse with the increased duty cycle. With reduced energy input in tissue during each ultrasound pulse, higher PrF reduced the likelihood of gas-body initiation and heating, thereby lowering the expansion rate. consistent with this observation, in the data sets with lower duty cycle (25%, all other conditions equal: 2600 W/cm 2 , 77 Hz PrF, 1 s exposure), a lower value of the maximum Er of 0.93 ± 0.02 mm/s (n = 2) was observed, compared with 1.5 ± 0.3 mm/s (n = 4) in the cases with 50% duty cycle. There was also a longer delay (0.68 ± 0.25 s) in reaching the maximum Er compared with that in the cases with 50% duty cycle (0.36 ± 0.12 s). The lower duty cycle exposure also resulted in smaller cavity sizes (cavity area = 0.013 ± 0.0014 mm 2 at 25% duty cycle versus cavity area = 0.187 ± 0.064 mm 2 at 50% duty cycle) in the gross images at the end of ablation. These observations indicate that pulsed HIFU exposure parameters may be optimized to control gas-body activity in HIFU ablation.
although simulating the in vivo condition was not the goal of our study, the concept of our technique should be applicable for in vivo application and the technique can be translated after appropriate modification of the experimental setup to improve the speed of signal processing and instrument configuration. For example, integrating the imaging probe with the HIFU transducer collinearly would be a feasible approach. second, gating strategies can be implemented to account for the cardiac tissue movements resulting from the beating heart and breathing. To implement the proposed method of lesion estimation for in vivo applications, the threshold for the IBs parameter must be predetermined because the effect of blood perfusion on lesion estimation using IBs was not studied in this paper. By taking a similar approach to construct training data sets, noninvasive methods such as MrI can be used to obtain lesion maps, which then can be used with IBs maps to construct roc curves to determine the threshold. although obtaining histology sections can provide the gold standard, it is invasive and may not be a viable way in general to obtain a lesion map. alternatively, in vitro results may be used as the first order of approximation, but experimental validation must be performed. other challenges include the possibility that the threshold for lesion detection might be patient-dependent and tissue specific because different tissue types might have different tissue properties (e.g., attenuation or thermal diffusivity) and will have different echogenic properties. Because the generation of macroscopic cavities in bulk tissue volumes may not be desired in achieving controlled HIFU ablation of cardiac tissue, identification of the precursors of such events along with the estimated extent of the lesion can be used as a feedback control to adjust HIFU exposure parameters during treatment.
In contrast to our M-mode study [51] , which probed rapidly (1 kHz PrF) at a single line in space, the sTBM method allows for a better study of the spatiotemporal development of lesion, gas body generation, and its movement in 2-d, albeit at a slower rate (77 to 130 Hz frame rate). Because acoustic radiation force from the HIFU transducer can cause a small amount of motion in the direction of the HIFU beam, interpretation of the acquired M-mode data can be complicated because of the spatial shifting of the tissue and lesion. With the larger sTBM spatial window, this factor is much less important. In addition, the current study uses 2-d spatial functions to compute the IBs and echo decorrelation parameters, as opposed to the 1-d spatial functions used in the M-mode study, and that difference may have improved the lesion detection accuracy (roc aUc: 0.96 versus 0.91). Both the sTBM and M-mode studies independently obtained the same optimal IBs max threshold (12 dB) for identifying the lesion extent even with differences in exposure conditions. However, the current study has been able to use the acquired 2-d spatiotemporal information for prediction of macroscopic cavity formation and was able to investigate the effect of more HIFU ablation parameters (duty cycle, PrF, exposure duration) on ablation outcomes such as lesion width, time of occurrence of the gas bodies and their maximum Er, and the presence of macroscopic cavities and their size.
C. Study Limitations
In this study, lesion classification relied on matching the plane of B-mode imaging with the sectioning plane of the tissue lesion. Hence, small errors resulting from this mismatch in B-mode and gross tissue planes might occur in the estimation of lesion formation. Fixation and embedding of the tissue could allow for more precise sectioning but this process also introduces potential tissue distortion occurring in the tissue preparation process. In the spectral methods, the spatial averaging inherent in the method reduces the spatial resolution. The proposed criterion for gas-body identification was not corroborated with independent measurements (e.g., passive cavitation detection), and additional work is needed to better establish the relationship between echo decorrelation and gas-body formation. Finally, the acoustic radiation force can cause tissue motion at the focal spot of HIFU probe during the treatment process, although this effect was minimized in this study by physically securing the tissue in place during ablation and by taking a moving-window time average of the displacement of gas bodies during estimation of Er.
V. conclusion
In this study, we compared the performance of several rF-based techniques using high-frequency, short-time Bmode imaging. We established a threshold to identify lesion area based on the time history of integrated backscatter and evaluated the performance of these methods using roc curves. The temporal maximum of the integrated backscatter IBs max at 12 dB threshold was determined to best map lesion induced by HIFU ablation with good accuracy. In addition, we demonstrated the use of frame-toframe echo decorrelation to identify the rapidly-changing hyperechoic regions observed in the B-mode frames during ablation that are likely to be HIFU-induced gas-body activities. We evaluated the cavity expansion rate to develop a criterion for predicting the occurrence of a macroscopic cavity during ablation. The use of high imaging frame rate and high spatial resolution allowed for the detailed tracking of the time history of ablation in lesion detection and cavity formation. 
